South Africa is a semi-arid country which frequently faces water shortages, and experienced a severe drought in the 2016 and 2017 rainfall seasons. Government is under pressure to continue to deliver clean water to the growing population at a high assurance of supply. Studies now show that the delivery of water may be sustained not only through built infrastructure such as dams and pipelines, but also through investment in ecological infrastructure (EI). Part 1 of this paper in 2 parts concentrated on the role of EI in delivering water-related ecosystem services, as well as the motivation for this study, and the methods used in modelling and mapping the catchment. Part 2 explores and illustrates the current level of delivery of water-related ecosystem services in di erent parts of the catchment, with potential hydrological bene ts of rehabilitation and protection of EI in the uMngeni catchment. e Mpendle, Lions River, Karkloof, Inanda and Durban sub-catchments are important areas for the generation of stream ows which accumulate downstream (i.e. water yield in the catchment) when annual totals are considered. Modelled annual sediment yield (in tonnes) from naturally vegetated areas is most severe in the lower catchment areas with steeper slopes such as Inanda, and in the high-altitude areas which have both steeper slopes and higher rainfall. e central and eastern parts of the uMngeni catchment were found to contribute the greatest yield of sediment from degraded areas with low protective vegetation cover. is combined modelling and mapping exercise highlighted areas of priority ecosystem service delivery, such as higher altitude grassland areas, which could be recommended for formal conservation, or protection under private partnerships. Generally, these areas con rm the intuitive sense of catchment stakeholders, but provide a robust and more defendable analysis through which water volumes are quanti able, and potential investment into catchment interventions are justi ed.
INTRODUCTION
ere is growing concern over the sustainability of water supply for various uses to the large economic centres of Durban and Pietermaritzburg in the province of KwaZulu-Natal (KZN) in South Africa. Southern Africa experienced a severe drought associated with an El Niño event in 2015/6, with exceptionally high temperatures and the lowest rainfall in 35 years in parts of the region, which has signi cant implications for water resources and for agriculture in particular -a key sector in KZN (SADC, 2016) , and alternative methods of achieving water security are being sought.
is study is reported in two companion papers. Part 1 describes the setting up of a daily time-step hydrological model and land cover parameterisation (Hughes et al., 2018) . e focus of this paper is to investigate which areas within the catchment currently supply high levels of water-related ecosystem service delivery, and will continue to do so if sustainably managed, as well as those areas which would provide the most signi cant service delivery improvements should they be rehabilitated.
e key rehabilitation interventions could include grassland rehabilitation through improved management practices (livestock management, re regime maintenance) and control of invasive alien plants (AIPs).
MATERIALS AND METHODS
e methods used for hydrological modelling and mapping for the identi cation of priority areas for water-related ecosystem service delivery are described in full by Hughes et al. (2018) and summarised below.
Model setup
e ACRU (Agricultural Catchments Research Unit) model (Schulze, 1995 and updates) , which has been developed and used extensively in the uMngeni catchment by the University of KwaZulu-Natal and others, was used to model and map waterrelated ecosystem services. ACRU is a detailed process-based, daily time-step hydrological model, which is able to operate at an appropriate spatial scale for catchment and sub-catchment level water resources planning.
e uMngeni catchment was delineated into 145 subcatchments ( Fig. 1) by Warburton et al. (2010) and their delineation was followed in this study (Hughes et al., 2018) . ese sub-catchments range in area from 37 to 11 000 ha (i.e., 0.37 to 110 km 2 ), and are di erentiated on the basis of soils, altitude, topography, land cover, water management practices and gauging stations within the uMngeni catchment. e sub-catchments were 591 all grouped within 13 quaternary catchments, largely aligning with the operational quaternary catchments used by the South African Department of Water and Sanitation for water resource planning purposes (Fig. 1 , see Part 1: Hughes et al., 2018) .
Each of the 145 sub-catchments was, in turn, further subdelineated into hydrological response units (HRUs), primarily on the basis of discrete land cover types, including healthy natural vegetation, degraded lands and areas under IAPs. e 13 quaternaries were further grouped into 6 'dam' catchments to analyse di erent user groupings based on population clusters and areas supplied by each of the dams. In turn, it was possible to analyse the demand for ecosystem services from EI within each dam catchment. Daily time-series outputs from the ACRU model allow the user to analyse the delivery of water-related ecosystem services for each HRU within the sub-catchments over time (See Part 1 of this study).
Selection of outputs
e ACRU model produces a daily time series of a wide range of outputs. ese time series can then be analysed to assess and map water-related ecosystem services for each HRU within each catchment. e following outputs were selected for detailed analysis, with reasons for their selection also given:
• Runo , which provides/supplies water within a year for domestic, industrial, ecological and recreational use, and is made up of the quick ow and base ow from a sub-catchment (see below), and which when accumulated downstream is modelled and mapped as stream ow.
• Base ow, which maintains water supply during dry periods and maintains water quality by dilution of excess nutrients and waste and/or sustaining the ecosystems that assimilate pollutants; base ow is the water which has in ltrated through the soil layers to recharge to the groundwater store which then discharges into the rivers to sustain their ows, particularly during the dry season.
• Quick ow is the non-delayed storm ow, i.e., water available from the surface or near-surface on the same day as the rainfall event; much of this is captured by dams and sustains water supplies.
• Sediment yield, which is the soil mobilised/eroded from the landscape portion of the catchment and deposited/ transported in the channel portion of the catchment; high sediment loads can degrade river ecosystems and ll dams, reducing their storage capacity and reducing water security. e potential improvements in water-related ecosystem service delivery following rehabilitation were calculated from the di erence between the quantity of water or sediment generated per hectare for each degraded HRU (overgrazed or IAP-infested), and that from the same HRU under nondegraded natural vegetation. e results were than summarised for each HRU within the catchment and represented spatially using GIS. Complete restoration to pristine natural vegetation is highly unlikely, but this does give an indication of the potential quantity of bene ts and where they are the greatest. 
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Pietermaritzburg and Inanda Dam catchments (7%), according to the available dataset provided by Umgeni Water (see Part 1 of this study).
Dry-season base ow
Since there is a lag in base ow response, the winter dry season lows are only apparent later in the year. us, the average volumes have been accumulated for the months of August, September and October. e most important sub-catchments for sustained, dry-season base ow delivery are the far west and higher altitude areas of the Mpendle and Lions River quaternary catchments, as well as the lower areas of the Nagle and Inanda quaternary catchments (Fig. 2a ). Conservation and/ or maintenance of these areas could assist in the delivery of water supply to ecosystems and especially communities who are reliant on run-of-river abstractions throughout the year, i.e., the ecological reserve. e overall volume of dry-season base ow and delivery per hectare is highest from natural vegetation (Fig. 2b) , and much lower from degraded vegetation and IAP infested areas ( Fig. 2 d,f) . Owing to the loss of vegetation from the surface of degraded lands, interception and in ltration are reduced, and precipitation is likely to ow more directly o the surface as quick ow (see the next section), rather than in ltrating to the lower soil layers and becoming base ow. In general, the model's simulation of higher water use by IAPs is consistent with other studies (Le Maitre et al., 2013; Everson et al., 2014) , implying that less water is able to reach the lower soil layers, with the dry-season base ow per hectare thus being lower (Fig. 2f ) than for natural vegetation (Fig. 2b) . However, as explained in Part 1, our assumption is that in their invasive form in the catchment, IAPs occur in stands that are less dense than those in managed plantations (as reported by Schulze and Schütte, 2014) and this is re ected in these results. Everson et al. (2014) found that wattle trees dried up the riparian zone entirely in their case study catchment, although this was in a small catchment entirely infested by wattles.
Following the hypothetical e ective rehabilitation of the overgrazed HRUs to natural vegetation, the greatest bene ts are to be gained in New Hanover, Mqeku and Nagle, which are in the lower altitude parts of the catchment (in the Savanna Biome), with a maximum potential gain of 260 m 3 /ha during the dry season. Following the rehabilitation of IAPs, the largest modelled bene ts are to be gained in the high altitude, northwestern parts of the catchment, although it should be noted that the coverage of wattle trees in the catchment used for this study is mainly concentrated in this area. e maximum potential gain is estimated to be 70 m 3 /ha (Fig. 3) . Although the improvements in dry season base ow volumes per hectare do not appear large, it is important to note the value of this ecosystem service. Dry season base ow, i.e., the sustained ow of water during the dry season, ensures that there is adequate water supply for ecosystem function, as well as human users during the months in which rain does not generally fall (winter in the uMngeni catchment). Base ow is vital for the health of the ecosystem in terms of maintaining ecological processes such as the provision of animal habitats and refugia, assimilation of pollutants and nutrient cycling (Brauman et al., 2007) .
e e ective rehabilitation of degraded grasslands implies that there is improved vegetation cover, which results in increased interception of precipitation, but especially higher in ltration of precipitation and then percolation into the 
Quick ow
Annual quick ow volume is particularly high in the steeper, higher altitude areas of Karkloof, Mpendle and Lions River where rainfall is relatively high (Fig. 4a/b) . It is also high in the lower parts of the uMngeni catchment such as in the Inanda and Durban Quaternaries, again where rainfall is relatively high. Important areas for quick ow generation are also located around the Albert Falls and Inanda Dams. is has implications, inter alia, for sediment delivery to these impoundments and loss of dam capacity, probably leading to an inability for dams to continue delivering water to a growing society in the long term, as stated in Part 1 of this study. Regulation of quick ow volumes through preservation of a healthy vegetation cover not only reduces excessive sediment generation and associated loss of nutrients (Brauman et al., 2007) , but can also prevent ooding and associated risk to life and infrastructure. 
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Quick ow is higher per hectare from degraded vegetation (Fig. 4d) than from natural vegetation (Fig. 4b) , highlighting that areas which have been denuded of vegetation do not allow for adequate retention of precipitation through in ltration, and that water ows in greater volumes o the surface, potentially also resulting in soil erosion and soil nutrient losses. e modelling and mapping also indicate that invasive IAPs reduce quick ow from the surface when compared with natural vegetation (Fig.  4f) , potentially due to higher interception as well as higher transpiration rates resulting in surface soil moisture de cits which must rst be replenished by rain before they lead to runo , and higher canopy/litter interception. e amount of surface runo increases with overgrazing due to the lack of vegetation and, as such, upon the rehabilitation of denuded areas the amount of surface runo is reduced. is implies that upon rehabilitation, less precipitation will run o the surface, and more will be in ltrated and percolate to the lower layers of soil. e largest modelled reduction in surface runo upon rehabilitation was found to be in the high-altitude grassland areas of Mpendle (median value of 700 m 3 /ha per year). Rehabilitation is furthermore likely to reduce the amount of high-energy runo from the catchment, and prevent excessively high levels of sediment and nutrient mobilisation.
Rehabilitation of IAPs reduces the high rate of evapotranspiration, increasing the amount of available water and, in turn, the surface runo (Fig. 5b) by up to 1 100 m 3 /ha per year. e greatest bene ts are in the high-altitude areas of the Karkloof catchment.
Stream ow
e stream ow exiting into the river channel at the outlet of each sub-catchment is an indication of the water that is available for use for ecosystem function, domestic use and drinking water or irrigation. In the ACRU model, stream ow is a combination of the volumes of base ow and quick ow produced within a sub-catchment, together with any runo accumulated from upstream within a catchment based on the upstream to downstream sub-catchment ow paths.
As was the case for dry season baseflow and annual quickflow, the Mpendle, Lions River, Karkloof, Inanda and Durban Quaternary catchments are also important areas for the generation of accumulated streamflows when annual totals are considered (Fig. 6a) . The Pietermaritzburg and Henley catchments are also sources of higher streamflow generation per hectare (Fig. 6b) . Total streamflow volumes per month (Fig. 6c ) appear to be low for the degraded catchments. However, this is due to their small size, which is why it is also important to view the results on a unit area basis (per hectare) (Fig. 6d) . In certain parts of the uMngeni catchment, degraded vegetation provides a higher streamflow per hectare than healthy vegetation. However, the negative effects associated with higher quickflow from degraded vegetation (erosion, nutrient mobilisation, flooding risk) may outweigh the positive gains in streamflow. It may therefore be preferable to restore degraded vegetation to natural vegetation given the potential gains in baseflow and associated improvement in sustained water supply and quality during the dry-season.
Owing to the high water use by woody IAPs, as well as the reduction in the amount of available water in the catchment due to overgrazing (mainly in the below-ground layers of soil), the rehabilitation of these two forms of degradation is likely to result in an increase in overall water availability in the catchment. e greatest improvements in stream ow upon rehabilitation of overgrazed lands were found to be in the rapidly urbanising catchments around Pietermaritzburg and 
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Durban (median values of around 1 000 m 3 /ha per year, Fig.  7) . In terms of rehabilitation of IAP-infested areas, a similar pattern is evident, with a potential median increase of up to 1 600 m 3 /ha.
Sediment yield
According to Msadala et al. (2010) , measured natural sediment yield values for KwaZulu-Natal vary between 30 t/km 2 per year and 1 037 t/km 2 per year. is large range is based on geological variations within the region, with varied land uses from cattle farming to sugarcane farming (Msadala et al., 2010) . Most of the uMngeni catchment has previously been mapped as having high, very high or extremely high erodibility according to the Revised Sediment Yield Map of Southern Africa (Rooseboom et al., 1992) and Le Roux et al. (2008) . Modelled annual sediment yield (in tonnes) from naturally vegetated areas is most severe in the lower catchment areas with steeper slopes such as Inanda, and in the high-altitude areas which have steeper slopes and higher rainfall (Mpendle - Fig. 8a ). e central and eastern parts of the uMngeni catchment were found to contribute the greatest yield of sediment from degraded areas with low protective vegetation cover (Fig. 8c) .
Degraded land (Fig. 8d) produces considerably higher sediment yields per km 2 when compared with natural vegetation and wattle-infested lands. Sediment yield per unit area is particularly severe towards the lower part of the catchment, notably around the urbanising areas of Pietermaritzburg and Durban. Wattle-infested areas produce slightly higher sediment yield per unit area than naturally vegetated areas, according to the modelling results. is indicates that IAPs, while reducing quick ow overall in a catchment, also cause a drying of the upper soil layer and associated mobilisation of soils, leading to higher sediment yields (Dye and Jarmain, 2004) . Furthermore, A. mearnsii trees have been found to leave little ground cover in dense invasive stands (van der Waal et al., 2012) , which leads to a low lower basal cover -an important parameter in the Modi ed Universal Soil Loss Equation which is used within the ACRU model to generate sediment yields.
Based on the modelling results, the greatest reduction in sediment generation through rehabilitation of overgrazed land could be achieved near the coast, in the Inanda and Durban Fig. 9 ; median reduction of approximately 6 000 t/km 2 ). is is highly pertinent as this area is undergoing extensive transformation in terms of industry and residential developments, and it is important that the sediment and nutrient balance be maintained to ensure natural ecosystem functionality and the health of the estuary downstream (Adams et al., 2016; Cooper, 1993) . Upon removal of IAPs, bene ts can be achieved, particularly in the coastal catchments, although these are not as high as those to be gained upon the rehabilitation of overgrazed lands.
Limitations of the study
e time and budget constraints did not allow for the explicit modelling of riparian zones and wetlands. In addition, the study was limited by the outdated spatial data related to the extent of IAP infestations in the catchment, but we did use the most reliable data available at the time. ese factors are likely to have resulted in an underestimation the reductions in ows due to IAPs and the impacts of factors like sedimentation and reduced base ows on oodplains and the bene ts of their rehabilitation. sub-catchment; (b) 
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CONCLUSION
Water resources researchers are seeking to establish whether healthy ecological infrastructure in water-stressed catchments can be used to augment water supply and to protect vulnerable water source areas from further degradation and transformation.
is combined modelling and mapping exercise highlighted areas of priority ecosystem service delivery such as higher altitude grassland areas, which could be recommended for conservation through various mechanisms such as biodiversity stewardship or land partnerships. In many cases, these areas con rm the intuitive sense of those familiar with the catchment, but provide a robust and more defendable analysis through which water volumes are quanti able. It is also important to view these results in conjunction with water demand information and to hold a thorough, inclusive stakeholder interaction process such that the true bene ts of water-related ecosystem service delivery may be assessed, and appropriate steps be taken in policy and planning processes, as well as that more detailed return on investment analyses can be undertaken.
According to the modelling results, signi cant gains in terms of water-related ecosystem services can be made upon rehabilitation of overgrazed lands, and those which have been invaded by Acacia mearnsii in particular. Dry season base ow in the catchment could potentially be increased by up to 260 m 3 /ha for rehabilitation of overgrazed land (more than double), and accumulated stream ows by up to approximately 1 600 m 3 /ha per annum (~80% increase for the sub-catchment). e results indicate that for dry season base ow volume improvements, the rehabilitation of overgrazed land produces the best results. In terms of stream ow, the removal of alien plants is likely to improve the delivery of water to the catchment most e ectively, and for the entire catchment could signi cantly increase the annual stream ow. Bearing in mind that the coverage used in this study underestimates the current extent of IAPs, the gains provided through rehabilitation may be even higher. Rehabilitation of overgrazed lands provides land managers with a far better chance of reducing excessive sediment generation within the catchment when compared to IAP clearing, and could furthermore retain valuable nutrients and topsoil and prevent sedimentation of water courses, thereby extending the longevity of dams.
is study approach enabled us to spatially and quantitatively explore the primary hydrological and ecosystem e ects of overgrazing and IAP proliferation (as outlined in 
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were possible at both sub-catchment scale (for di erent land covers) and across the entire catchment, thus allowing potential investors in EI to make informed decisions across di erent scales. Informed by stakeholder needs, such a comparative and spatial approach is recommended for catchment-wide infrastructure and land use planning for the sustained delivery of su cient clean water to society.
